Every member of a small family of PSEUDO-RESPONSE REGULATOR (PRR) genes, including TIM-ING OF CAB EXPRESSION 1 (TOC1 [or PRR1]), are believed to play roles close to the circadian clock in the model higher plant Arabidopsis thaliana. In this study we established a transgenic line that misexpresses (or overexpresses) the PRR7 gene. As compared with wildtype plants, the resulting PRR7-misexpressing plants (designated PRR7-ox) showed characteristic phenotypes as to hallmarked circadian-associated biological events: (i) early flowering in a manner independent of photoperiodicity, (ii) hypersensitive response to red light during early photomorphogenesis, and (iii) altered freerunning rhythms with long period of clock-associated genes. Finally, a series of all transgenic lines (PRR1-ox, PRR3-ox, PRR5-ox, PRR7-ox, and PRR9-ox) were characterized comparatively with regard to their clockassociated roles. The results suggested that the five homologous PRR factors play coordinate roles, distinctively from one another, and closely to the circadian clock in higher plants.
In higher plants, circadian rhythms are closely relevant to a wide range of biological processes, including movement of organs such as leaves and petals, stomatal opening, diurnal changes in photosynthetic activities, and photoperiodic control of flowering time. 1, 2) One of the major current problems in the field of plant molecular biology is the understanding of the mechanisms underlying circadian rhythms. In other words, how do plants generate intrinsic biological oscillations with a period of about 24 h? What kinds of circadian-associated genes are implicated in such a biological clock? To such circadian rhythms the biological clock (oscillator) is central, and recent intensive studies on the model higher plant Arabidopsis thaliana have begun to shed light on the molecular mechanisms underlying the functions of this central clock. [3] [4] [5] [6] [7] The current best candidates for Arabidopsis clock components are CCA1 (CIRCADIAN CLOCK-ASSOCIATED 1) and its partially redundant homolog LHY (LATE ELONGATED HYPOCOTYL), both of which are single MYB-containing transcription factors. [8] [9] [10] [11] Beside these, five members of a small family of PSEUDO-RESPONSE REGULATORs (PRRs) are also believed to be another type of components of the central oscillator. A representative of the PRRs is TOC1 (TIMING OF CAB EXPRESSION 1).
12) It was first proposed that these two types of clock-associated genes (CCA1/LHY and TOC1) form a negative/positive transcriptional feedback loop that generates intrinsic circadian rhythms. 13) Subsequently, many other clockassociated genes were identified and incorporated into the simple model, and currently, somewhat complicated interlocking multi-loop models are envisaged. 3, 4, 14) These additional clock-associated genes include: PRR9, PRR7, and PRR5 belonging to the PRR family, [15] [16] [17] [18] [19] GI (GIGANTEA), 20, 21) LUX/PCL1 (LUX ARRHYTHMO/ PHYTOCLOCK 1), 22, 23) ZTL (ZEITLUPE), [24] [25] [26] ELF3 (EARLY FLOWERING 3), 27, 28) and ELF4. 29, 30) In any case, these clock-associated genes must play their distinctive and complimentary roles coordinately to generate stable, robust, and sustainable (free-running) rhythms.
We have been extensively studying the small PRR family, in which PRR1 is identical to TOC. These PRR family proteins share a unique structural design with y To whom correspondence should be addressed. Tel: +81-52-789-4090; Fax: +81-52-789-4091; E-mail: yamasino@agr.nagoya-u.ac.jp Abbreviations: ATA, aurintricarboxylic acid; CaMV, Cauliflower Mosaic Virus; CCA1, CIRCADIAN CLOCK-ASSOCIATED1; Col, Columbia-0; FFT-NLLS, fast Fourier transform-nonlinear least squares; ELF3, EARLY FLOWERING 3; CT, circadian time; GI, GIGANTEA; LHY, LATE ELONGATED HYPOCOTYL; LL, continuous light; LUX, LUX ARRHYTHMO; PCL1, PHYTOCLOCK 1; PRR, PSEUDO-RESPONSE REGULATOR; TOC1, TIMING OF CAB EXPRESSION 1; ZTL,ZEITLUPE each other in that they contain a highly homologous pseudo-receiver domain at the N-terminal end, followed by another common short motif (called the CCT-motif) at the C-terminal end (see the following paper for detail). Based on the results of genetic studies on a set of prr mutants, including a prr9 prr7 prr5 triple null mutant, recently we proposed an interlocking multi-loop model, 14) in which PRR9, PRR7, and PRR5 play coordinate and distinctive roles close to (or within) the central oscillator in a manner compatible with the original CCA1/LHY-TOC1 single-loop model. Furthermore, this multi-loop model is consistent with results reported by other researchers. 3, 4) Nonetheless, verification of this hypothetical view must await further intensive examination. One of the general genetic approaches to this end would be the characterization of a certain transgenic line that misexpresses (or overexpresses) a given PRR gene. The rationale is the following: because the expression of these PRR transcript themselves is under the control of circadian rhythm, it would be very deleterious if these genes were misexpressed in the transgenic plants at an undesirable timing through a strong constitutive promoter. Thus, if a given clock-associated gene were misexpressed in plants, the resulting transgenic plants would most likely display certain circadian-associated phenotypes. Keeping this rationale in mind, we have characterized the following transgenic plants: PRR1(TOC1)-overexpresser (designated PRR1-ox), likewise, PRR9-ox, PRR5-ox, and PRR3-ox (see Table 1 ). The results of reverse genetic studies on these transgenic plants were very informative, as has been discussed previously. 31) In those studies, nonetheless, we did not succeed in establishing the last construct, PRR7-ox. Every transgenic line we have isolated so far was found to accumulate only a very small amount of PRR7-transcript. We reasoned that this failure might be due to the fact that we used a cDNA clone of PRR7 to construct the transgenic line. In this study, we used a large genomic DNA containing the PRR7 coding sequence, and finally succeeded in isolating several independent transgenic lines, in which PRR7 was constitutively misexpressed.
It is currently accepted that certain Arabidopsis plants with lesions (including misexpression) in clock-associated genes commonly display the following hallmarked phenotypes with regard to three biological events, which can be assessed by relatively easy experimental means: 14) (i) altered free-running expression profiles of circadian-controlled genes, (ii) changes in photoperiodicity-dependent flowering time, 7, 32) and (iii) altered sensitivity toward red light during early photomorphogenesis. 15, 33, 34) In this study, together with PRR1-ox, PRR3-ox, PRR5-ox, and PRR9-ox, the newly constructed PRR7-ox transgenic plants were characterized with reference to these clock-associated phenotypes. We propose that these homologous PRR factors play coordinate roles, distinctively from one another, and closely to the circadian clock in the higher plants. To extend this view further, we will characterize PRR5-ox too in more detail in the following paper.
Materials and Methods
Plant growth conditions and related materials. Arabidopsis thaliana ecotype Columbia-0 (Col) was used as the wild-type plant. PRR7-ox (Col background) was generated in this study (see below). PRR1-ox, PRR3-ox, PRR5-ox, and PRR9-ox (Col background) were described previously (see Table 1 for references). CCA1-ox was a gift from Dr. Elaine M. Tobin (UCLA, Los Angeles, California). prr7-11 was described previously. 35) Seeds were imbibed and cold-treated at 4 C for 3 d in the dark before germination under light, and then the plants were incubated at 22 C. The cold-treated seeds were exposed to white light for 3 h before incubation to enhance germination when they were grown in the dark. Plants were grown in a chamber with light from fluorescent lights (70-80 mmol m À2 s À1 ) at 22 C on soil and/or agar plates containing MS salts and 1% sucrose. The light/dark conditions used were 16 h light/8 h dark, 12 h light/12 h dark, or 10 h light/14 h dark, as specifically noted for each experiment in the text.
Construction of transgenic plants. The genomic region encompassing the entire coding sequence of PRR7 was amplified with primers: PRR7-OF, 5
0 -CT-GTCTAGAATGAATGCTAATGAGGAGGGGGAG-3 0 and PRR7-3 0 UR, 5 0 -TGAACGTCGACACGGCTCCA-AAAGCAAGCTTATACC-3 0 . The 3.5 kbp DNA fragments amplified were digested with XbaI and SalI, and a The growth rate of PRR1-ox was too slow to fairly assess its flowering time. However, the toc1-2 mutant in the Col background clearly shows the phenotype of early flowering (our unpublished result).
cloned between the XbaI and SalI sites in pHM-3 binary vector (provided by Dr. T. Kakimoto, Osaka University) downstream of the Cauliflower Mosaic Virus (CaMV) 35S tandem promoters, generating pHM-3-PRR7. It was transformed into the Agrobacterium tumefaciens strain, and then, Arabidopsis plants were transformed by vacuum infiltration procedures as described previously. 36) Only transgenic lines considered to segregate kanamycin resistance as a result of integration at single locus were used, establishing homozygous T3 seeds.
Preparation RNA, and Northern blot hybridization. Total RNA was isolated from appropriate organs (mainly leaves) of Arabidopsis plants by the aurintricarboxylic acid (ATA) method. For Northern blot hybridization, RNA was separated in agarose gels (1%) containing 0.67 M formaldehyde, and then transferred to Hybond-N þ membranes. The fixed membranes were hybridized with 32 P-labeled DNA fragments in 6Â standard saline phosphate and EDTA (1Â SSPE = 0.18 M NaCl, 10 mM phosphate buffer, 1 mM EDTA, pH 7.4), 5Â Denhardt's solution, and 0.5% SDS containing 10% dextran sulfate and 100 mg/ml salmon sperm DNA at 65 C for 18 h. The membranes were washed twice with 2Â SSPE and 0.5% SDS for 15 min at room temperature, twice with 2Â SSPE and 0.5% SDS for 30 min at 65 C, and then with 0:2Â SSPE and 0.5% SDS for 15 min at 65 C. The washed membranes were exposed and analyzed on a phosphoimage analyzer (BAS-2500) (FUJIFILM, Tokyo).
Probes for Northern blot hybridization. Several double-stranded 32 P-labeled DNA probes were used to detect each specific mRNA. The probes used were amplified by polymerase chain reaction (PCR) with appropriate sets of primers, which were designed appropriately, including CCA1, LHY, PRR1, PRR7, and GI, as described previously. 35, 37) Each 32 P-labeled probe was prepared with the Megaprime DNA Labeling System (Takara Shuzo, Kyoto, Japan).
Examination of red light response in early photomorphogenesis. To examine the light response in the early photomorphogenesis of plants, seeds were sown on gellangum (0.3%) plates containing MS salts. Sucrose was omitted from the medium in order to more properly sensitize the seedlings to a given fluence rate of red light in the following assay. They were kept at 4 C for 48 h in the dark. Then, the seeds were exposed to white light for 3 h at 22 C in order to enhance germination, followed by incubation at 22 C for 21 h again in the dark. The plants were grown for 72 h under continuous light with a varied range of fluence rates, or in the dark. As light sources for continuous irradiation, light-emitting diodes (LEDs) were used: for red light, STICK-mR ( max ¼ 660 nm, Tokyo Rika Kikai, Tokyo).
Examination of flowering time. Seeds were imbibed directly on soil (110 ml), supplemented with 50 ml of 5,000 times diluted HYPONEX (N:P:K = 5:10:5) (HY-PONEX-JAPAN, Osaka, Japan). They were cold-treated at 4 C for 3 d in the dark and grown in chambers (22 C) under the conditions of long day (16 h light/8 h dark, 75 mmol m À2 s À1 ) or short day (10 h light/14 h dark, 120 mmol m À2 s À1 ).
Results and Discussion
Construction of PRR7-ox transgenic lines PRR7 is postulated to play a crucial role within the central oscillator. Nonetheless, its molecular function remains elusive, as mentioned above. To clarify it, by employing a genomic DNA segment encompassing the entire PRR7 coding sequence, several transgenic lines overexpressing the transcript of PRR7 were established in accordance with conventional genetic procedures with constitutive Cauliflower Mosaic Virus 35S promoter (CaMV 35S). The two resulting candidates (named PRR7-ox L#1 and L#2) were examined with regard to levels of PRR7 transcripts at two different circadian times (CT6, corresponding to noon, and CT12, corresponding to evening) (Fig. 1A) . Large amounts of PRR7 transcripts were detected in both the candidate plants regardless of circadian times, as compared with those in the parental wild-type ecotype Columbia (Col) plants. This result was further confirmed by examining the diurnal expression profiles of PRR7 in plants grown under the 12 h light (L)/12 h dark (D) cycle. As documented previously, the rhythmic expression profile of PRR7 has the peak at noon in Col, whereas high levels of PRR7 transcripts were constitutively detected throughout the day and night in PRR7-ox L#1 (Fig. 1B) . PRR7-ox L#2 showed essentially the same feature, and we mainly used L#1 in subsequent experiments, unless otherwise noted.
PRR7-ox plants show the phenotype of early flowering in a manner independent of photoperiodicity A. thaliana is a facultative long-day plant in that the plants set flowers much earlier under long-day (16 h light/8 h dark) conditions than under short-day (10 h light/14 h dark) ones. That can be examined by counting the day of bolting and the number of leaves under that timing. This was found for the wild-type Col plants, which flowered much earlier in the long-day photoperiodic conditions (Fig. 2) . In contrast, PRR7-ox showed a phenotype of early flowering even under the short-day condition. In other words, as compared with wild-type plants, PRR7-ox plants set flowers promptly in a manner relatively independent of photoperiodicity.
PRR7-ox seedlings were highly sensitive to red light during early photomorphogenesis
Another hallmark phenotype of circadian-associated mutants is their sensitivity toward a given fluence rate of monochromatic red light during early photomorphogenesis, which is characterized by the resulting lengths of hypocotyls of seedlings (Fig. 3) . Both PRR7-ox L#1 and L#2 seeds were germinated under a varied range of fluence rates of red light, and their hypocotyl lengths were qualitatively (Fig. 3 upper panel) and quantitatively (Fig. 3 lower figure) examined in comparison with those of wild-type Col and prr7 null mutant seedlings. It was evident that PRR7-ox seedlings were highly sensitive to red light during early photomorphogenesis, resulting in shorter hypocotyls than those of wild-type Col. It was also found that prr7 null mutant seedlings are less sensitive to red light, as reported previously. 35) Note that when they were germinated in the dark, the lengths of the hypocotyls of PRR7-ox, prr7, and Col were essentially the same (Fig. 3 the top panel) .
PRR7-ox showed a phenotype of long period as to the rhythmic expression of clock-controlled genes
The last critical question is whether the rhythmic expression of certain clock-controlled genes is perturbed (Fig. 4) . Both wildtype Col and PRR7-ox plants were grown for 20 days under the 12 h light (L)/12 h dark (D) cycle (see Fig. 1 ), then, they were transferred to the continuous light (LL) condition. At intervals (3 h), RNA samples were prepared and subjected to Northern blotting analyses with probes specific for CCA1 (panel A), LHY (panel B), and PRR1 (panel C), all of which are central clock genes (see ''Introduction''). As documented previously, the CCA1 and LHY rhythms showed their peaks just before subjective dawn in wild-type plants, while the PRR1 rhythm did so at subjective dusk. In PRR7-ox, however, their rhythms were dampened, and their peaks appeared at progressively delayed phases. This is indicative of a phenotype of long-period circadian rhythms. This result was more evident when the rhythmic profiles of PRR1 were closely examined (Fig. 4C) . The profiles were analyzed by the FFT-NLLS (fast Fourier transformnonlinear least squares) method. The free-running periods were estimated to be 24.0 þ=À 1.2 h for Col, and 26.1 þ=À 2.2 h for PRR7-ox. Thus it was found that PRR7-ox plants display a phenotype of long period and lower amplitude with regard to the free-running rhythms of certain clock-controlled genes.
Comparative studies on a complete set of PRR-ox transgenic plants
As evidenced above, PRR7-ox plants clearly display the circadian clock-associated phenotypes, namely ''early flowering independent of photoperiodicity ( Fig. 2) ,'' ''hypersensitive to red light (Fig. 3) ,'' and ''long periods of free-running rhythms (Fig. 4) .'' These results fully supported that PRR7 plays a crucial role close to the circadian clock. Taking together the complete set of PRR-ox transgenic plants (PRR1-ox, PRR3-ox, PRR5-ox, PRR7-ox, and PRR9-ox) in our hand, now it is possible to compare their natures extensively. Employing also CCA1-ox, which misexpresses another clock gene, such analyses were done, and the results are summarized in Table 1 .
First, when the set of PRRs-ox seedlings was germinated under a given fluence rate of red light, one could see an overview with regard to the red light sensitivity of these transgenic seedlings during early photomorphogenesis (Fig. 5) . In short, CCA1-ox and PRR3-ox were hyposensitive, whereas others were hypersensitive. Based on these results, PRRs (except for PRR3) appear to play their roles coordinately within a red light signal transduction pathway. Perhaps the function of the least characterized PRR3 is clearly distinctive from other PRR members.
For these five PRRs-ox transgenic plants, the freerunning rhythms of the crucial clock genes (CCA1 and GI) were characterized at once in order to compare their effects on the intrinsic clock function rationally (Fig. 6) . At a glance, it was evident that the free-running rhythms of CCA1 in these PRR-ox plants were different not only from that in Col, but also from each other (Fig. 6A) . This view was further strengthened by the results of the circadian profiles of GI (Fig. 6B) . More specifically, PRR9-ox showed the rhythms with a short period, and . RNA samples were prepared from leaves at the times indicated with appropriate intervals (3 h), as schematically indicated (see the bottom rectangles). Northern blot hybridization was carried out with probes specific to CCA1, LHY and PRR1 respectively. In these experiments, the content of rRNA in each lane was analyzed as an internal reference (shown in panel A). For the expression of PRR1, the intensities of each band were quantified and normalized by those of rRNA. Based on these values, the relative amounts of transcripts, in which the maximum level of the transcript of PRR1 detected for Col was taken arbitrarily to be 10, are shown as a function of time after LL. PRR7-ox showed the rhythms with a long period, while PRR3-ox showed a subtle phenotype. The effects of PRR5-ox and PRR1-ox were dramatic, and the rhythmic expressions of CCA1 and GI were almost completely eliminated. In this respect, the observed effect of PRR1-ox on the CCA1 rhythm is clearly inconsistent with the original single CCA1/LHY-TOC1 negative/positive feedback model, in which TOC1 (or PRR1) activates CCA1 transcription. This is in fact one of the reasons an interlocking multi-loop model is currently favored. The results of this study (Fig. 6) are best interpreted by assuming that the functions of PRRs are not simply redundant; rather, they play their own distinctive roles close to the central oscillator.
Implications
Now we can summarize the circadian-associated phenotypes of a series of PRR misexpressing (or overexpressing) transgenic plants (Table 1) . We have previously summarized the circadian-associated phenotypes of a series of prr loss-of-function mutants. 14) These two types of datasets as to PRRs provided us with complementary views. For instance, they revealed that PRR7-ox plants display the phenotypes of early flowering under the short-day condition and hypersensitivity to red light during early photomorphogenesis, while prr7 null mutant plants displayed the phenotypes of late flowering under the long-day conditions and hyposensitivity to red light. In this respect, nevertheless, caution is required in comparing and interpreting the phenotypes as to circadian rhythms. This is because results as to circadian rhythms would be sensitively influenced by the growth conditions used (particularly light intensity and/ or background temperature fluctuations). For instance, it is known that prr7 mutants display apparently inconsistent phenotypes (e.g., free-running rhythms with short-period, long-period, or marginal changes), depending on growth conditions and/or allelic variations. 16, 19, 35) Keeping these considerations in mind, the overviews first presented here as to the series of all PRR-ox transgenic lines could provide important clues to figure out the complete picture of the Arabidopsis central clock, for which the molecular function of each PRR should be clarified in detail. For instance, one of the major problems as to plant clock functions is that the content of Table 1 immediately suggests that there is apparently no simple correlation among three hall- . RNA samples were prepared from leaves at the times indicated with appropriate intervals (3 h), as schematically indicated (see the top and bottom rectangles). Northern blot hybridization was carried out with probes specific to CCA1 and GI respectively. marked circadian-associated events, namely, free-running rhythms (long vs. short periods, dampened amplitude), photoperiodic flowering time (early vs. late flowering), and red light sensitivity (hyper vs. hypo). Clarification of this fundamental issue must await extensive experiments, for which the set of PRR-ox transgenic lines would be very useful.
In summary, the results of this study strongly support the conclusion that the five homologous PRR factors play coordinate roles, but distinctively from one another and very close to the circadian clock in Arabidopsis. Furthermore, one can conduct a series of epistatic and combinatorial forward and reverse genetic studies by employing this PRR-ox series of transgenic lines together with a number of previously isolated mutant alleles. Intensive genetic studies are underway in our laboratory, and we will present the results in the subsequent paper. 38) 
